We hypothesized that percutaneous intervention in the affected lower extremity artery would improve calf muscle perfusion and cellular metabolism in patients with claudication and peripheral artery disease (PAD) as measured by magnetic resonance imaging (MRI) and spectroscopy (MRS). Ten patients with symptomatic PAD (mean ± SD: age 57 ± 9 years; ankle-brachial index (ABI) 0.62 ± 0.17; seven males) were studied 2 months before and 10 months after lower extremity percutaneous intervention. Calf muscle phosphocreatine recovery time constant (PCr) in the revascularized leg was measured by 31 P MRS immediately after symptom-limited exercise on a 1.5-T scanner. Calf muscle perfusion was measured using first-pass gadolinium-enhanced MRI at peak exercise. A 6-minute walk and treadmill test were performed. The PCr recovery time constant improved significantly following intervention (91 ± 33 s to 52 ± 34 s, p < 0.003). Rest ABI also improved (0.62 ± 0.17 to 0.93 ± 0.25, p < 0.003). There was no difference in MRI-measured tissue perfusion or exercise parameters, although the study was underpowered for these endpoints. In conclusion, in this pilot study, successful large vessel percutaneous intervention in patients with symptomatic claudication, results in improved ABI and calf muscle phosphocreatine recovery kinetics.
Introduction
Peripheral artery disease (PAD) is associated with a decrease in a patient's functional capacity at diagnosis with a further decline over time. 1 Reductions in arterial blood flow clearly do not explain the entire pathophysiology underlying claudication and exercise limitation in PAD. Indeed, invasive arterial monitoring during rest and exercise in patients with PAD found no association between exercise parameters and leg blood flow. 2 The repetitive cycles of ischemia and reperfusion which occur during exercise appear to mediate a myopathy with changes in skeletal muscle structure and mitochondrial function. 3 Previous work from our group 4 demonstrated that blood flow is not the sole determinant of functional status in PAD as calf muscle energetics also play an important role. Evidence of dysfunctional calf muscle mitochondrial metabolism can be measured as abnormal post-exercise phosphocreatine recovery kinetics with magnetic resonance spectroscopy (MRS) in patients with PAD and correlates with ankle-brachial index (ABI). 5 Abnormal mitochondrial function is independent of calf muscle tissue perfusion measured with magnetic resonance imaging (MRI), but both correlate with impaired exercise capacity. 4 This suggests that abnormal calf muscle mitochondrial function impacts exercise performance; however, it is uncoupled from local microvascular tissue perfusion.
The ABI is the traditional non-invasive measure of PAD and is related to walking distance; however, the ABI does not have a consistent relationship with maximum claudication distance. 6 Furthermore, in a study of patients followed after lower extremity bypass surgery, there was an improvement in ABI to near normal levels, but functional measures such as walking distance improved only modestly. 7 These studies support the concept that there is more to patients' functional limitations in PAD than simply a reduction in lower extremity blood flow.
Over a quarter of a million lower extremity revascularization procedures are performed annually in the United States 8 but the mechanisms of benefit and downstream consequences are incompletely understood. In the present study, we aimed to study the effects of revascularization on calf muscle perfusion, phosphocreatine recovery kinetics and exercise capacity.
Methods

Study design
Patients between the ages of 30 and 85 years with symptoms of intermittent claudication and an ABI between 0.4 and 0.9, based on vascular lab testing done during the screening period, and scheduled for lower extremity percutaneous arterial intervention were eligible for inclusion. Exclusion criteria included rest pain, critical limb ischemia, contraindication to MRI/MRS, pregnancy and co-morbidities that severely limited patients' ability to perform a walking treadmill test. Patients provided written informed consent prior to study enrollment. The study protocol was approved by the Human Investigation Committee at the University of Virginia.
Study protocol
As previously described, 4 the study was divided over 2 days to allow sufficient time between exercise portions of the protocol to avoid fatigue and ischemic pre-conditioning. A total of 87 patients were screened over a 1-year period and of these 10 were subsequently scheduled for a clinically ordered lower extremity percutaneous revascularization. Patients were admitted overnight to the General Clinical Research Center. Owing to imaging time constraints, only the most symptomatic and therefore treated leg was studied by MRI/MRS. Patients were studied at baseline and a goal of 1 year after revascularization to allow sufficient time for any improvements to occur.
Magnetic resonance protocols
MRI protocols were completed on an Avanto 1.5-T scanner and MRS protocols on a Sonata 1.5-T scanner (both Siemens Healthcare, Erlangen, Germany) as MRS hardware and software was only available on the latter. Calf muscle perfusion was measured immediately after plantar flexion exercise at a rate of 10-12 rpm using a magnetic resonance-compatible foot pedal ergometer affixed to the MR table with first-pass gadolinium-enhanced imaging with contrast injected at peak exercise and images immediately obtained throughout recovery. 9 Patients performed the plantar flexion exercise until limiting claudication or fatigue, and work expenditure was recorded. Time intensity curves were generated with Argus software (Siemens Healthcare, Princeton, NJ, USA) for a region of interest in the calf muscle area with the greatest increase in signal intensity and the corresponding artery (typically the popliteal). The slope of the time intensity curve in the calf muscle defined tissue perfusion. The arterial input was calculated from the slope of the time intensity curve in the popliteal artery. The tissue perfusion index was measured by dividing the tissue perfusion by the arterial input in order to measure local calf microvascular blood flow 9 (Figure 1 ). The tissue perfusion index is a measure of local calf muscle microvascular blood flow as it is indexed to the nearby arterial input.
Phosphocreatine concentration in the calf muscle was measured as previously described 5 by phosphorus-31 MRS immediately following peak exercise. Patients performed a symptom-limited plantar flexion exercise using a pedal ergometer while supine in the MR scanner until severe claudication or fatigue. The duration of exercise was recorded. The phosphocreatine recovery time constant (PCr) was then calculated as previously described 5 (Figure 2 ). Magnetic resonance angiography (MRA) was performed with a moving table/bolus chase technique in three stations from the abdominal aorta to the foot, following intravenous infusion of gadopentetate dimeglumine (0.2 mmol/kg). Stenosis grading for the contrast-enhanced MRA was performed by two experienced observers by visual consensus using the MRA index 10 and MRA run-off resistance, 11 as previously described. 4 For reference, normal values for the MRA index and run-off resistance are: MRA index = 0 and run-off resistance index = 4. Values from normal subjects for the perfusion index 9 = 0.69 ± 0.17 and for PCr 5 = 35 ± 16 s.
Exercise testing
Subjects exercised until symptom-limited claudication, exhaustion or completion of study protocol for a 6-minute walk. The 6-minute walk protocol involved patients walking up and down a 100-foot (30.5 m) corridor for 6 minutes. The total walking distance and initial claudication distance were recorded. The standardized graded Skinner-Gardner exercise treadmill test was stopped when patients developed severe claudication, exhaustion or completion time of 20 minutes. 12 The total treadmill exercise time, time to initial claudication, symptom-limited maximal oxygen consumption (VO 2 ), and pre/post-exercise ABI were measured during the treadmill test as previously described. 4 Metabolic measurements for VO 2 calculation were collected using standard open circuit spirometry (Viasys 229; Yorba Linda, CA, USA).
Statistical analysis
Primary outcomes were changes in perfusion index and phosphocreatine recovery time constant before and after intervention. The MRA parameters (index and run-off resistance) and exercise performance were secondary outcomes. All patients' baseline characteristics were presented as mean ± SD for continuous variables and n (%) for categorical variables. Student's paired t-test was used to compare changes before and after revascularization. Linear regression analysis was used to compare changes in the PCr recovery time constant with changes in ABI. A p-value ≤ 0.05 was considered statistically significant. All statistical analyses were performed using PASW Statistics 18, release version 18.0.0 (SPSS Inc., Chicago, IL, USA).
Results
Patients
The baseline patient characteristics for the study are presented in Table 1 . Patients were evaluated a mean of 62 ± 74 days before and 317 ± 98 days after study leg percutaneous intervention. The percutaneous lower extremity interventions included nine stent placements (iliac artery (n = 5), superficial femoral artery (n = 3), distal aorta (n = 1)) and one superficial femoral artery angioplasty.
MRI/MRS results
There was no difference in perfusion index before and after revascularization, from 0.52 ± 0.18 to 0.57 ± 0.17, p = NS. The mean per patient change score for perfusion index was 0.05 ± 0.29. The work expended during the plantar flexion exercise for calf muscle perfusion was similar before and after revascularization, 176 ± 76 J to 155 ± 62 J, p = NS. For the exercise prior to 31 P spectroscopy, there was a trend towards an improvement in time spent using the pedal ergometer: 157 ± 51 s to 332 ± 321 s, p < 0.09. Despite this trend towards longer exercise time, there was a reduction in the PCr recovery time constant with revascularization, from 91 ± 33 s to 52 ± 34 s, p < 0.003. However, it did not return to levels seen in normal subjects (normal PCr recovery time constant = 35 ± 16 s). 5 The change score for the PCr recovery time constant was 39 ± 30 S. MRA at follow-up demonstrated patency of all stented and angioplastied segments, although the degree of stenosis within the stent could not be visualized in all patients due to stent-induced susceptibility artifact. In order to assess progression of disease in other vascular beds, the segments treated with stents were excluded from calculation of the MRA index and MRA run-off resistance index. Neither MRA parameter showed a significant change over time (MRA index: 0.44 ± 0.60 to 0.51 ± 0.76, p = NS; MRA runoff resistance index: 9.5 ± 6.1 to 9.3 ± 5.7, p = NS). The change scores for MRA index and MRA run-off resistance were 0.09 ± 0.35 and 0.2 ± 2.9.
Functional testing
Results are reported in Table 2 . The resting ABI improved after revascularization (from 0.62 ± 0.17 to 0.93 ± 0.25, p < 0.003). Likewise, the post-exercise ABI increased with revascularization (from 0.33 ± 0.15 to 0.67 ± 0.37, p < 0.02). However, there was no change in total treadmill exercise time, 6-minute walk distance or peak exercise VO 2 . Similarly, there was no difference in the time of claudication onset using the treadmill test (321 ± 200 s to 340 ± 243 s, p = NS). However, there was a trend towards an improvement in the distance until onset of claudication during the 6-minute walk (466 ± 250 feet to 731 ± 426 feet, 142 ± 76 m to 223 ± 130 m, p = 0.10). When the ABI in the contralateral leg (excluding the one patient with distal aortic stent) was evaluated over time, there was no change (0.87 ± 0.22 to 0.79 ± 0.27, p = NS).
There was no correlation seen between change in the PCr recovery time constant and ABI after intervention, p = 0.9. Likewise, there was no correlation seen between change in the PCr recovery time constant and post-exercise ABI after intervention, p = 0.6.
Discussion
This study examined a group of 10 patients with PAD before and after percutaneous lower extremity revascularization. We used a combination of MRI and MRS techniques and exercise studies to comprehensively evaluate functional changes before and after revascularization. Percutaneous lower extremity revascularization in PAD patients with progressive intermittent claudication symptoms was effective at improving calf muscle phosphocreatine recovery kinetics, suggesting an improvement in mitochondrial function. Both rest and exercise ABI improved with revascularization. Neither peak exercise tissue perfusion nor exercise parameters improved, although the study was underpowered for these endpoints.
The improvement in post-exercise calf muscle phosphocreatine recovery kinetics may result from several factors. Prior work from our group 4 demonstrated that calf muscle tissue perfusion and phosphocreatine recovery kinetics are uncoupled from each other although both correlate with traditional exercise parameters. This suggests that other factors must impact calf muscle phosphocreatine recovery kinetics independent of local tissue perfusion. Perfusion index by MRI measures tissue blood flow in the calf corrected for arterial inflow, thereby measuring microvascular perfusion. With large vessel revascularization, bulk blood flow to the calf improves, which may enhance endothelial function and/or nitric oxide production that could impact the post-exercise phosphocreatine recovery time constant. Despite this, perfusion at the microvascular level may remain depressed. The trend towards improvement in distance to onset of claudication with the 6-minute walk suggests a relationship with PCr recovery kinetics; however, it is not known if this is a causal relationship. The study was underpowered to detect an improvement in calf muscle perfusion. We may be able to detect a change in perfusion with larger patient numbers or alternative methods to evaluate calf muscle blood flow such as direct quantification with arterial spin labeling MRI.
Similar to prior studies, the improvement in ABI to near normal range with revascularization did not translate into an equal improvement in exercise capacity. 7 In our study, the lack of improvement in functional capacity may be in part because only one leg was treated and PAD is typically a bilateral disease. However, there was no change in the contralateral leg ABI over the study. There was a trend towards an improvement in the distance until onset of claudication during the 6-minute walk. It may be that changes in PCr recovery kinetics are necessary for improvements in low-intensity exercise. With larger patient numbers we would anticipate greater power to detect changes in exercise parameters with percutaneous revascularization.
There is evidence of a skeletal muscle myopathy in PAD based on both histologic and biochemical abnormalities. Using light microscopy, skeletal muscle samples from PAD patients demonstrate myopathic changes which correlate with the extent of disease, 13 and electron microscopy further delineated abnormal mitrochondrial structure. 14 In addition, there is biochemical evidence of abnormal mitochondrial oxidation of carbohydrates 15 and impaired acylcarnitine metabolism 16 in patients with PAD.
Our lab and others have demonstrated the utility of 31 P magnetic resonance spectroscopy in the non-invasive evaluation of skeletal muscle metabolism in PAD. 5, 17 However, there are limited data regarding changes in cellular energetics for patients treated with medical therapy or revascularization in PAD. We have shown that low-density lipoprotein (LDL) lowering does not improve PCr recovery kinetics in a similar patient population. 18 Zatina et al. 19 found that an improvement in calf muscle phosphocreatine kinetics did not occur until several months after successful lower extremity bypass surgery. Similar to the present study, Schunk et al. 20 found an improvement in PCr recovery kinetics in 31 patients with PAD who underwent percutaneous transluminal angioplasty (PTA) or vascular surgery. Further studies are needed to elucidate the mechanism of improvement in PCr recovery kinetics with revascularization.
The clinical factors which predict improvement in walking distance after percutaneous revascularization were studied by Afaq et al. 21 as a reported history of walking after the procedure and prior coronary artery bypass surgery. However, almost half of the study patients were lost to follow-up and as a result the clinical predictors of exercise ability after revascularization need additional prospective evaluation.
The study by Zeller et al. shows changes in ABI similar to those seen in our study 22 wherein patients treated with femoropopliteal artery stenting had an improvement in resting ABI from 0.63 ± 0.20 to 0.94 ± 0.17 as well as post-exercise testing (0.44 ± 0.23 to 0.85 ± 0.21, p < 0.001 for both). Although the ABI is used as a clinical marker of lower extremity blood flow, we did not observe an improvement in calf muscle perfusion measured by MRI. However, a recent study by Duerschmied et al. 23 used contrast ultrasound calf muscle perfusion imaging in patients at baseline and 3-5 months post-intervention, with an improvement in both ABI (0.60 to 0.85, p = 0.001) and time-to-peak contrast enhancement (45 s to 24 s, p = 0.015). One of the challenges in using time-to-peak measurements is the inherent influence by volume status and hemodynamic function that may vary over time. Future studies comparing ultrasound and MRI methods to determine tissue perfusion appear warranted.
Measuring calf muscle perfusion with MRI using the technique developed by our group 9 identifies peak exercise microvascular calf blood flow by indexing the local tissue perfusion indexed to the nearby arterial input. It is possible that by increasing bulk flow to the calf with proximal revascularization that our technique is not sensitive enough to measure the change in microvascular blood flow. Other techniques such as arterial spin labeling MRI allow for quantification of calf muscle blood flow without the use of exogenous contrast 24, 25 and may offer additional insight into changes in calf muscle perfusion. Alternatively, calf muscle microvascular blood flow may not significantly improve with revascularization. The post-exercise ABI in our study improved; however, it did not return to normal levels, suggesting that post-exercise calf blood flow remains impaired despite the proximal revascularization.
Limitations
The primary limitation of the study is the small sample size. This was a pilot study of 10 individuals scheduled for percutaneous lower extremity revascularization out of a larger cohort of 87 patients with PAD. This study is underpowered to examine the benefit of percutaneous revascularization on exercise measures and perfusion index. However, other larger studies have shown that there is an initial improvement in exercise capacity in patients treated with lower extremity percutaneous revascularization. 21, 22 It may take longer than 10 months for microvascular perfusion to improve. Another limitation is the lack of an untreated control group.
Given time constraints, we studied only the most symptomatic leg, which was scheduled for clinically indicated percutaneous revascularization, for calf muscle perfusion and energetics. However, exercise parameters are influenced by disease in both legs. Certainly some patients may have progression of their peripheral artery atherosclerosis in the non-intervened leg, which would impair their overall functional capacity. However, we did not find a significant decline in the contralateral ABI. We could not rule out instent stenosis in some cases due to stent-induced susceptibility artifact; however, rest ABI post-intervention was higher in all subjects than at baseline, making significant in-stent restenosis unlikely. When we excluded the intervened upon segments from the MRA calculations, both at baseline and post-revascularization, there was no change in the other vascular territories. We did not measure the extent of collateral blood vessels seen on MRA, which could affect the relationship between macrovascular stenosis and calf muscle measures of perfusion and metabolism.
Conclusions
In patients with symptomatic PAD, treatment with percutaneous lower extremity revascularization improves calf muscle phosphocreatine recovery kinetics and anklebrachial indices measured at rest and after exercise. Calf muscle tissue perfusion was unchanged, suggesting uncoupling of calf muscle perfusion and phosphocreatine recovery kinetics. However, the study was underpowered for the perfusion endpoint. Larger studies are needed to confirm our findings. With greater patient numbers, we may be able to show improvement in exercise capacity along with a change in the calf muscle phosphocreatine recovery time constant. Given the uncoupling of calf muscle perfusion and phosphocreatine recovery kinetics, new therapies aimed at improving tissue perfusion in PAD are needed. The MRI/MRS endpoints used in the present study may prove useful in future clinical trials comparing the benefits of established and novel therapies in PAD.
